We present the results of a study of simulated Giant Molecular Clouds (GMCs) formed in a Milky Way-type galactic disk with a flat rotation curve. This simulation, which does not include star formation or feedback, produces clouds with masses ranging between 10 4 M ⊙ and 10 7 M ⊙ . We compare our simulated cloud population to two observational surveys; The Boston University-Five College Radio Astronomy Observatory Galactic Ring Survey and the BIMA All-Disk Survey of M33. An analysis of the global cloud properties as well as a comparison of Larson's scaling relations is carried out. We find that simulated cloud properties agree well with the observed cloud properties, with the closest agreement occurring between the clouds at comparable resolution in M33. Our clouds are highly filamentary -a property that derives both from their formation due to gravitational instability in the sheared galactic environment, as well as to cloud-cloud gravitational encounters. We also find that the rate at which potentially star forming gas accumulates within dense regions -wherein n thresh ≥ 10 4 cm −3 -is 3% per 10 Myr, in clouds of roughly 10 6 M ⊙ . This suggests that star formation rates in observed clouds are related to the rates at which gas can be accumulated into dense subregions within GMCs via filamentary flows. The most internally well-resolved clouds are chosen for listing in a catalogue of simulated GMCs; the first of its kind. The catalogued clouds are available as an extracted data set from the global simulation.
1. INTRODUCTION Stars form in the secluded depths of the densest cores in cold interstellar clouds. These extended structures of molecular hydrogen and dust are galactic wombs for their stellar populations and it is their environments that control the creation rate and properties of the new stars. Therefore, in order to explore any question regarding star formation, we must ultimately account for the properties of these stellar cradles that will be their birth place.
The molecular hydrogen clouds are collectively referred to as the Giant Molecular Clouds (GMCs). The average gas density of these structures is a few hundred atoms per cm 3 , with stars forming within a star cluster in cores that exceed densities of n H > 10 4 cm −3 (Lada et al. 2010) . While the cores themselves are clearly undergoing gravitational collapse, the gravitational binding of the cloud as a whole is more debatable, with both observations and simulations disagreeing as to which side of the virial line a cloud is likely to sit (Hopkins et al. 2012; Dobbs et al. 2011; Tasker 2011; Tasker & Tan 2009; Hirota et al. 2011; Heyer et al. 2009; McKee & Ostriker 2007; Rosolowsky 2007) . One of the main reasons why the binding of the cloud is not clear is that the cloud's formation is not a straight forward process. The galactic environment in which a GMC forms is rife with instabilities and shocks that move through a multiphase, turbulent medium that shapes, stirs and buffets the cloud. This means that attempts to explore the star forming environment assuming a sim-ple distribution of gas may fall far short of the true internal properties of a GMC formed in the above conditions. This has implications for numerical studies on the scale of star forming cores. To what extent then, do the local properties of star formation within highly bound subregions such as dense cores and clumps follow from the larger scale internal dynamics of the clouds in which such entities are formed? The answer to this question is particularly important for numerical studies since the highest resolutions available to chart the formation and evolution of clouds and their substructure are barely adequate to spatially resolve the largest, cluster forming clumps -let alone the details of individual star forming cores.
Despite the complexity of their formation process, many properties of the GMCs are well described by observations, both in the empirical relations relating mass, size and velocity dispersion (Larson 1981) and in global observational studies of GMC populations in the Milky Way (Heyer et al. 2009; Roman-Duval et al. 2010) , and nearby galaxies such as M33 (Rosolowsky et al. 2003) , IC342 (Hirota et al. 2011 ), M64 (Rosolowsky & Blitz 2005) , M31 (Rosolowsky 2007 ) and the LMC (Kawamura et al. 2009 ). These provide handles to quantitatively assess whether a GMC created in simulations is a realistic star formation environment. If the object passes these tests, then it can be used confidently to study the initial conditions for the star formation process. One of the major goals of this paper is to create a catalogue of GMCs that agree with the observational data that can be used as a comparison tool for observers and theorists alike and can potentially form the starting point for further higher resolution studies in star formation. For this, we will focus on two observational surveys in particular; the Boston University-Five College Radio Astronomy Observatory Galactic Ring Survey (Heyer et al. 2009 ) and the BIMA All-Disk Survey of M33 (Rosolowsky et al. 2003 ). Another important application of our simulations is to measure the rate at which dense, star forming gas develops within our most massive (i.e., best spatially resolved ) GMCs without the complicating effects of stellar feedback.
Numerical Studies of GMCs
There are two main theories concerning the initial formation of GMCs; the 'top-down' model wherein clouds are formed as a result of global instabilities in the sheared, self-gravitating interstellar medium of the galactic disk and the 'bottom-up' scenario where clouds are formed by agglomeration or coagulation (McKee & Ostriker 2007 , and references therein). The actual physical mechanism may involve a number of processes, but due to time-scale restraints, the former 'topdown' method has been more widely investigated. It is this approach that will be addressed in this paper.
The 'top-down' category can be further split by asking what causes the gathering of gas into a GMC. For this, there are also two main candidates; buoyancy and self-gravity. The former of these centres around the interplay between gravity (which wants to compress the gas in the galactic mid-plane) and the magnetic field (which acts to gather gas at the galactic footpoints of rising loops of magnetic field) in the Parker instability. Specifically the Parker instability produces the lower mass clouds of a few 10 5 M ⊙ (where the gas is not very self gravitating), while self gravity produces the higher mass clouds (a few 10 6 M ⊙ ), where magnetic fields have little effect (Elmegreen 1982) . The added compression need not necessarily be due to a spiral wave, since the sheared galactic medium can also act with weak magnetic fields to produce magneto-rotational instabilities (MRI) in the galactic disk (Sellwood & Balbus 1999) . Such MRI instabilities have also been shown to seed GMC growth in local-scale simulations (Kim et al. 2003) . Once initiated, the Toomre instability of the self-gravitating sheared gas was found to rapidly build massive GMCs, reaching 10 7 M ⊙ . The self-gravity, top-down formation has been explored on both global and local scales. On the local scale, colliding flows have been used to create the clouds. These are counted in the 'top-down' camp since the flows themselves can be driven by gravitational instabilities such as spiral shocks or cloud-cloud collisions, although may also have other sources such as supernovae or stellar winds. Heitsch et al. (2008) and Banerjee et al. (2009) have performed studies of this kind, where clouds form at the interface of two colliding flows of gas, naturally accounting for the turbulent nature of the GMCs. Ntormousi et al. (2011) utilised the idea of colliding wind-blown superbubbles, finding both cold gas clumps and filaments formed at the interface.
On the global scale, the entire galactic disk is included in these simulations. The disk becomes gravitationally unstable via the Toomre instability and fragments to form the GMCs (Tasker 2011; Dobbs et al. 2011; Bournaud et al. 2010; Tasker & Tan 2009; Agertz et al. 2009; Dobbs 2008) . This scenario has the advantage of naturally including the effects of shear and also interactions between neighbouring clouds, which drives the cloud's internal turbulence (Dobbs et al. 2011 ) and may play an important role in the star formation process (Tasker 2011; Tasker & Tan 2009; Tan 2000) . Once formed, the clouds grow by accretion and cloud-cloud collisions. Star formation is among the mechanisms that would destroy or shred such clouds.
In the absence of star formation, Tasker & Tan (2009) found good agreement between the properties of the created GMC population and those from observations, including mass, radius, velocity dispersion and rotation. They also found a high cloud collision rate, with clouds merging approximately every 1/5th of an orbital period. Such a result suggests that cloud collisions are an important component of achieving realistic simulated GMCs, emphasising the importance of including the global environment in their formation.
Simulations on this scale that have followed the GMC formation process through to include the production of stars and their resultant feedback, find that these internal processes can dictate the GMC properties at later times. In the presence of a spiral potential, Dobbs et al. (2011) found that without feedback, clouds tend to be spherical and bound while they become unbound when feedback is included. This result was repeated by Hopkins et al. (2012) who compared the impact of different forms of feedback and found that while no feedback produced very tightly bound clumps, there was a wide variation when feedback was included, with larger clouds tending to be more bound.
Overall, the top-down formation mechanism for GMCs has proved to be highly successful in numerical simulations, both with and without the inclusion of magnetic fields and stellar feedback. However, which roles dominate during the star formation process and cloud properties such as their gravitational boundedness remain an active topic of discussion.
The success of the Tasker & Tan (2009) model, despite its simplicity in the absence of feedback or magnetic fields, suggests that gravity may be the controlling force in the GMCs early evolution. With this in mind, we adopt a similar model (although with a few notable changes laid out in Section 2) to explore the pre-star formation and evolution of GMCs through a top-down, self-gravitating mechanism in the absence of star formation and localised feedback. This allows us to both study the interactions and formation of GMCs in a purely dynamical sense and measure the rate at which dense, potentially star forming gas, develops within the clouds.
Observational Surveys of GMCs
We compare our simulated clouds with two major observational surveys. The first of these is the Boston University -Five College Radio Astronomy Observatory Galactic Ring Survey (BU-FCRAO) (Heyer et al. 2009; Roman-Duval et al. 2010 ) (hereafter, GRS), which uses the tracer 13 CO (J = 1 → 0) . This survey re-examined the clouds found in the seminal Solomon et al. (1987) study of the GMCs in the galactic ring. These new results have an increased resolution of 0.2 pc at a distance of 1 kpc and utilised the CLUMPFIND automated algorithm (Williams et al. 1994) to identify the clouds within the sample. Surface Density (g cm -2
) Figure 1 . Three surface density projections of a galactic disk at different scales. Left: The full disk, spanning 20 kpc. The maximally refined co-rotating region, i.e. the region from which clouds are harvested, is within the white outlined ring. Centre: Zoom-in, image is approximately 5 kpc across. Here again, the co-rotating region is within the white outline. At this scale a clear difference is visible between our co-rotating region and the rest of the disk. Clouds are the most refined and finely structured in this region. Right: Close-up of a two clouds identified by the friends-of-friends algorithm; the image is 1 kpc across. Images were rendered using yt, an astrophysics analysis and visualization package (Turk et al. 2011) Our second comparison survey is the BIMA All-Disk survey, which uses the tracer 13 CO (J = 1 → 0) and looks at extragalactic clouds in M33 (Rosolowsky et al. 2003) . The inclusion of this second survey has two major advantages: the first is that comparisons with both galactic and extragalactic clouds allows more general conclusions to be drawn about the nature of the GMCs. Secondly, this survey has a spatial resolution of 20 pc, which is close to our own resolution limit (see Section §2), making it the more comparable data set. Additional support for our top-down, gravitational fragmentation model is found in their paper, with Rosolowsky et al. (2003) suggesting that the clouds in M33 are most likely to have been formed through instabilities, rather than agglomeration and further suggest that the properties of the GMCs are determined by the mass of the cloud.
In this paper we present an analysis of clouds harvested from a simulation of a Milky Way-type disk. In Section §2, we discuss the simulation and method of GMC analysis. Section §3 looks at the structure of the GMCs and in Sections §4 and §5 we compare the cloud properties to two observational surveys of clouds in the Milky Way and M33. Finally in Section §6, we present a numerical catalogue of these GMCs and propose that these can be used as realistic initial conditions for higher resolution studies of massive star and star cluster formation. Section §7 details our conclusions.
NUMERICAL METHODS
The clouds analysed in this paper are harvested from an isolated global galaxy disk simulation of a Milky Way-type galaxy. The simulation was performed using Enzo; a three-dimensional adaptive mesh refinement hydrodynamics code (Bryan & Norman 1997; Bryan 1999; O'Shea et al. 2004 ). The disk is contained in a threedimensional box of side length 32 kpc with a root grid of 128 3 and five possible levels of refinement. This results in a limiting resolution of 7.8 pc. The disk itself is kept at a minimum resolution of 31 pc, with three levels of refinement permanently placed around that volume. This ensures the disk is stable in the absence of cooling. Enzo evolves the gas using a three-dimensional version of the Zeus hydrodynamics algorithm (Stone & Norman 1992 ).
This routine uses an artificial viscosity term to represent shocks, where the variable associated with this, the quadratic artificial viscosity, was set to 2.0 (the default value). We include a radially dependent photoelectric heating term described in detail in Tasker (2011) , but no other star formation or localised feedback. Radiative cooling is allowed down to 300 K, a value that corresponds to a minimum velocity dispersion of 1.8 km/s. This limit crudely allows for processes that are below our resolution limit, such as the internal turbulence of the cloud on scales below 7.8 pc and pressure from magnetic fields. The cooling follows the analytical curve of Sarazin & White (1987) to T = 10 4 K and the extension to 300 K from Rosen & Bregman (1995) .
In addition to this first simulation, a second simulation was completed wherein a pressure floor was imposed. This floor acted in such way that when the Jeans length became less than four times the cell size (and therefore the simulation became unresolved according to the Truelove et al. (1997) criterion), an additional pressure term was added that caused the gas to follow a polytrope with an adiabatic index of γ = 2. This brought the collapse to a halt and prevented the creation of isolated single cells with extremely high density that are not resolved by the simulation. In fact, the inclusion of this term produced identical results for the cloud bulk properties of mass, radius and surface density and only affected the velocity dispersion due to the effect of the increased pressure on the cloud's internal dynamics. As this pressure injection is a numerical addition, the resultant velocity dispersion did not hold physical meaning. Since we do ultimately expect the gas within the cloud to form a dense core during star formation, we have opted to present the first simulation without the pressure floor in this paper, but note that the internal dynamics of the cloud are poorly resolved at this resolution.
The disk is initially borderline gravitationally stable, fragmenting as the gas cools to form dense clouds of gas that we identify as the giant molecular clouds. The initial disk mass is 6.5×10 9 M ⊙ . Full details of the initial setup of the simulation are given in Tasker & Tan (2009); Tasker (2011) .
We developed a special procedure to create clouds with high spatial resolution. In difference to the previous simulations of Tasker & Tan (2009); Tasker (2011) , this galactic simulation includes a rotating frame of reference at a radius of 6 kpc. Gas at this radius does not move with respect to the grid, minimizing the artificial numerical support that occurs from circular motion over a Cartesian mesh. Gas to either side of the co-rotating radius moves in opposite directions. We therefore concentrate our analysis to within 1 kpc of the co-rotating radius, from r > 5.5 kpc -r < 6.5 kpc, and focus our refinement over this region, allowing it to incrementally decrease outside these radial points. This technique allows us to gain considerably more realistic spatial resolution for clouds that would otherwise become more bloated through such artificial numerical spreading. Clouds in our simulations are identified using a friendsof-friends cell finding algorithm. This process identifies clouds based on a density threshold, which we selected to be n thresh = 100cm −3 . This value was selected based on a review of the observational catalogues of Milky Way GMC's (Rathborne et al. 2009; Roman-Duval et al. 2010) , as being a representative value for the average density of these objects.
The algorithm initially identifies peak cells in the simulation which have a density higher than n thresh and exceed the density values of their neighbouring cells. If two peak cells are closer than a set separation length, l s = 4 × ∆x, where ∆x is the minimum cell size of 7.8 pc, then they are tagged together as the same cloud. Neighbouring cells whose density also exceeds n thresh are then assigned to the cloud via a friends-of-friends scheme, whereby the code steps through the neighbours of each cell assigned to the cloud to search for more cloud components. A more detailed description of this process can be found in Tasker & Tan (2009) . Figure 2 . A slice through the z-plane of a typical cloud. The image size is 300 pc and overlaid with a contour to show regions within our number density threshold of 100 cm −3 , which would be tagged as belonging to the cloud. The image is centred on cloud 1323, however, 5 other clouds also fall into the field of view (positions are marked with stars). Velocity field vectors have also been overlaid to show the bulk motion of the gas. Note that the gas flows along the large-scale filamentary structure of the cloud and gathers in several dense regions (of order 10 4 cm −3 ). Image rendered using yt (Turk et al. 2011) Clouds in this analysis are harvested from the torus enclosing the co-rotating radius, between 5.5 to 6.5 kpc from the galactic center, where as discussed, the artificial numerical effects will be minimized. We also limit our analysis to clouds that have at least three cells in each dimension; a minimum of 27 cells in total. This ensures our objects have our best resolution and are suitable candidates for the simulated catalogue. The full criteria for the catalogue are discussed in Section §6. Figure 1 shows density projections of the face-on disk at different scales. From left to right, the first panel shows a 20 kpc spread of the entire disk. The co-rotation radius is clearly visible as the position of the most resolved clouds, which have access to all refinement levels and are unhindered by artificial support from motion over the grid. To aid the eye, white rings have been overlaid over our analysis region at disk radii of 5.5 kpc and 6.5 kpc. The center panel zooms into a 5 kpc portion of the region of co-rotation. Here again it is clear that the most resolved clouds are found in the region of co-rotation. The last 1 kpc panel zooms in on two clouds tagged by the cloud finder algorithm, which are centrally positioned in the image. The differences between the structures well outside the high-resolution, corotating region are due to differences in resolution and numerical diffusion. The co-rotation technique dramatically reduces numerical diffusion due to advection errors. The combined effect is roughly equivalent to convolving the high resolution data with a 50 pc Gaussian filter. As shown in Figure 1 , the highly resolved chains of clouds connected by thin filaments between 5.5 and 6.5 kpc become single thick filaments at low resolution (near 7 kpc) and the cloud complexes become large clouds with the same total mass.
STRUCTURE OF THE CLOUDS
A 300 pc wide slice through a typical cloud identified by the algorithm is shown in Figure 2 . The cloud is elongated, with clear filamentary structures created through tidal interactions with nearby clouds. It is also flattened, having most of its extent in the xy-plane. The contour line shows cells that would be tagged by the algorithm at the density threshold of 100 cm −3 . We can see from the overlaid velocity fields that most of the gas in the cloud and surrounding interstellar medium is flowing into the densest knot of the structure, within which would lie the gravitationally collapsing core. The gas flow is strongly directed along the filaments, towards the dense regions within the GMC. Shown in Figure 3 is a density projection of a 2 kpc portion of the galactic disk, shown at four different times in the simulation; 130, 150, 200 and 240 Myr. Our analysis is completed for the clouds in the disk at 240 Myr, after one complete orbital period for the edge of our main region at r = 6.5 kpc. These frames allow us to see the evolutionary paths that our clouds follow. Early on at 130 Myr, the structures formed are very small and almost bead-like. As times passes, these smaller objects grow larger through processes of collision and gas accretion. Once more massive, the continuing interactions between the clouds lead to spiral tails of lower density gas being stripped from the outer layers. Figure 4 presents the bulk physical properties of the simulated GMCs at t = 240 Myr. The six histograms show the results for the cloud mass, surface density, velocity dispersion, virial mass and virial parameter. The dashed overlaid lines show results from the observational data sets in the GRS Milky Way survey (blue dashed) and the M33 survey (red dot-dash).
ANALYSIS OF GLOBAL CLOUD PROPERTIES
The top left histogram in Figure 4 shows the cloud mass as calculated by the total mass in all cells associated with the cloud via our cloud finder scheme described in Section §2. This cloud mass is compared to the derived CO mass of the GRS Milky Way and M33 GMCs. Comparing our result with the two observational data sets, we see the peak in our distribution agrees well with the M33 peak mass at M c,peak = 10 5 M ⊙ . With the M33 mass range extending from 3 × 10 4 M ⊙ to 1 × 10 6 M ⊙ , we find good agreement with the overall profile, with our own mass range stretching between 5.7 × 10 4 M ⊙ to 2.7 × 10 7 M ⊙ (Rosolowsky et al. 2003 ). The Milky Way data set finds a slightly lower peak mass at M MW,peak = 4.8×10 4 M ⊙ , reflecting the order of magnitude higher spatial resolution of the GRS Milky Way survey. However, it is worth noting that the Milky Way data cannot be quoted without some error. Heyer et al. (2009) reports (private communication) that the masses of the Milky Way may be larger by a factor of 3 or more. If this proves to be true, our mass range is in good agreement with both data sets.
While the majority of our clouds seem to agree well with the observational results, we do find a high mass tail with clouds extending to masses higher than that found in either the Milky Way or M33. This is due to the lack of star formation and feedback in the simulation, which would inhibit cloud growth (Tasker 2011) . Without such destructive mechanisms, clouds can continue to grow via accretion and mergers throughout the simulation, forming a population of old, tightly bound clouds that in reality would have formed a stellar cluster. We will discuss these objects in Section §5 and, since we do not expect to find them in actual galaxies, they are not included in the cloud catalogue.
The top right histogram shows the distribution of cloud radii. We define the radius of a cloud via:
where A yz is the projected area of a cloud in the yzplane of the disk, an orientation chosen to agree with the typical observed angle along the plane of the disk, as in the GRS Milky Way survey. A similar definition of the radius is used for both of the comparison observational surveys. We have compared our findings using an area projected from the xy-and yz-planes and found no significant change to our cloud properties (A yz is used for the remainder of the analysis). Again, we find our cloud radii correspond well with the M33 data set, although our most common radius falls slightly higher than the M33 clouds; at R A = 20 pc, compared with R M33 = 10 pc. The range of radii for our clouds falls between that of the Milky Way data and M33, with a spread of 40 pc. This is a smaller range than what is found for M33, possibly due to the more uniform nature of our cloud environment since we draw clouds from a 1 kpc wide torus in the center of our disk, which is unaffected by galactic structural differences.
In the second row on the left, we show the mass surface density of the clouds, which is defined as Σ ≡ M c /A yz . For this property only Milky Way data is available, which peaks at a comparable value to our clouds at Σ peak ∼ 100 − 200 M ⊙ /pc 2 . Notably, we get good agreement for the surface density without any form of feedback, suggesting that internally supported turbulence in clouds may be driven by cloud interactions, rather than localized energy from star formation.
The right-hand histogram on the second row of Figure 4 shows the clouds' internal velocity dispersion. The value used is the mass-weighted one-dimensional velocity dispersion about the cloud's center of mass velocity, calculated as:
Here we obtain a wide range of velocity dispersion values, upto a maximum of 14 km/s with our most common value just below 8 km/s. This peak is slightly higher than the Milky Way and M33 clouds, which find peak distribution values of 1.1 km/s and 3.6 km/s respectively and is more in keeping with the velocity dispersion of the ISM (Kennicutt 1998) . The velocity dispersion of the clouds is likely to arise from two effects. The first of these is a dispersion driven by cloud-cloud interactions.
As Figure 3 shows, the cloud environment is rife with structural interactions and this affects all the clouds, regardless of their size. The second cause is for the small tail population of massive clouds seen in Figure 4 . These objects have a deeper potential well which allows an increased velocity dispersion, likely to be seen as the spread of higher values in our distribution. This may decrease with the introduction of stellar feedback, without which the clouds may become more gravitationally bound for a given size than their observed counterparts. We will consider this again in Section §5.
Our bottom two plots show cloud properties related to their virialisation. A measure of this is the virial parameter, α vir , which is related to the ratio of kinetic to gravitational energy of a cloud. Bertoldi & McKee (1992) define this as:
where we include both the thermal (c s ) and non-thermal (σ 1D ) contributions to the cloud's velocity dispersion. R A is the radius as calculated from the project area, as above, and M c is the cloud mass. For a uniform, spherical cloud, a value of α vir = 1 implies that the kinetic energy of the cloud is half its gravitational potential, making clouds with α vir < 1 dominated by gravity. If we assume that clouds are virialised objects with α vir = 1, we can reverse Equation 3 to get an expression for the virialised mass:
This value is plotted on the left-hand histogram on the bottom line of Figure 4 . Our clouds agree well with the M33 data set, although we do see a population of high mass clouds as we did for the mass distribution, due to lack of star formation to inhibit the formation of large clouds. The higher resolution Milky Way data shows a smaller mass population which we might expect to match closer if we could resolve our clouds at the same spatial limit.
The right-hand plot on the bottom row shows the value of α vir for the clouds, plotted with the Milky Way data (there are no M33 values available for this quantity). Our clouds are less bound than those identified in the Milky Way: we find 15% of clouds have α vir < 1, whereas the GRS Milky Way survey finds approximately 70%. This is in contrast to findings by Dobbs et al. (2011) and Hopkins et al. (2012) that a lack of feedback produces a more bound population. One explanation might be that the higher resolution observed Milky Way data is identifying bound subregions within our clouds. Alternatively, the less bound population may be destroyed by feedback effects. Figure 5 plots the distribution of directions of cloud angular momentum vectors with respect to the galaxy. While all clouds move predominantly through the galaxy with the rotation of the disk, their rotation around their own axis may differ. Clouds with a prograde rotation have θ < 90
• and rotate in the same sense as the galaxy while clouds with a retrograde rotation have θ > 90
• and rotate in the opposite direction. In M33, Rosolowsky et al. (2003) found that clouds show a slight preference for aligning with the galactic rotation, with 60% of clouds showing a prograde rotation having θ < 90
• . At early times, the clouds in our disk are born prograde. This is shown in Figure 5 by clouds at t = 140 Myr having the highest fraction of clouds with θ < 45
• . At Figure 6 . Fraction of gas mass within the GMCs that is higher than the density thresholds, n thresh = 10 4 cm −3 and n thresh = 10 5 cm −3 . 10 4 cm −3 is the threshold at which star formation is observed to occur.
later times, a retrograde population develops as new clouds feel not only the disk shear (which from angular momentum conservation must produce a prograde cloud) but also the gravitational pull of neighbouring clouds. The clouds also undergo collisions and interactions during their lifetime which may result in either a prograde or retrograde rotation. By t = 240 Myr, 18% of the clouds rotate retrograde. This is a smaller fraction than those observed by Rosolowsky et al. (2003) , but in agreement with previous simulations performed by Tasker (2011) . In their paper, Tasker (2011) find that the addition of photoelectric heating reduces the velocity dispersion in the disk ISM, resulting in a smaller retrograde population. This result was also noted by Dobbs (2008) . The addition of feedback is likely to affect this result, providing an additional force that can increase the disk velocity dispersion. Regardless of the exact value of the retrograde percentage, the existence of such a population strongly suggests that the cloud's external environment plays a key role in its evolution, providing the necessary forces to create the spread of orientations observed in the GMC surveys.
4.1. Mass fraction of star forming gas in clouds At 100 cm −3 , the density we use to define a GMC refers to the whole cold gas cloud, but does not give us a strong handle on how much star formation we should expect. Figure 6 shows the fraction of mass contained in clouds that is higher than two density thresholds, n thresh = 10 4 cm −3 and n thresh = 10 5 cm −3 , a factor of 100 and 1000 times higher than the cloud definition threshold. The value 10 4 cm −3 is the density of clumps in which star formation is observed to occur (Ginsburg et al. 2012; Lada et al. 2010) . As simulation time progresses, the density of gas within the clouds increases. This agrees with what we saw visually in Figure 3 ; small objects at early times gain mass through accretion and mergers, which causes the clouds to get more dense. We will also see this in the next section when we look at the evolution of the mass profile over time.
This result provides interesting insights into how . At this density, stars would be expected to form with an efficiency of around 10-30 % (Lada & Lada 2003) . This would give an overall cloud star formation efficiency of about 3-9 %. Krumholz & Tan (2007) estimate that this number should be around 2%, implying that our clouds convert their gas to dense cores too efficiently. This is unsurprising, however, since there is nothing to prevent the collapse within the bound region of the cloud without the inclusion of local feedback.
The rate at which star forming gas appears is also very interesting. We can estimate from the approximately linear n thresh = 10 4 cm −3 curve, that the fraction of potentially star forming gas in a cloud grows by 30 % over 100 Myr, or 3 % per 10 Myr, in clouds of roughly 10 6 M ⊙ . This is in reasonable accord with star formation ratessuggesting that star formation rates in clouds are related to the rates at which gas can be accumulated into dense regions.
A similar analysis can be performed that looks at surface, rather than volume, density thresholds. However, in this case, our result is dependent on our cloud selection scheme. Since clouds must be at least 3 cells in height, corresponding to a thickness of 23.4 pc, and by definition must have a density > 100 cm −3 , we have a sampledetermined surface density threshold of 8 × 10 21 g/cm −2 , or a visual extinction of A v ≃ 10. Since this is a result of our cloud sampling, the volume density threshold is the more revealing quantity.
Characterising cloud turbulence
Another key to describing the internal structure of the GMCs is to investigate their turbulent energy by calculate their sonic Mach number, M ≡< σ/c s >. For a non-magnetised gas, this value is linked to the variance in the logarithmic standard deviation, σ s as:
where s = ln(ρ/ρ 0 ) (Kainulainen & Tan 2013; Burkhart & Lazarian 2012; Molina et al. 2012; Nordlund & Padoan 1999) .
The numerical simulations in which turbulence is driven at large-scales have found that the value of the proportionality constant, b, depends on the mixture of solenoidal and compressive modes of the driving. In the case of fully solenoidal (divergence-free) driving, the value of the constant is b = 1/3, and in the case of fully compressive driving it is b = 1 (Federrath et al. 2010 (Federrath et al. , 2008 . Rearranging this equation gives:
which is plotted in Figure 7 with the left-hand side of Equation 6 plotted on the y-axis and M 2 on the x-axis. Since the plot is on logarithmic axes, we expect a gradient of 1 and (1, 1) intercept at the value of b. The red line shows a y = 0.03x fit, giving a value of b = 0.17, which is in agreement with the non-magnetized, isothermal simulations of turbulence that are driven with solenoidal forcing (Federrath et al. 2010 ). This suggests that the turbulence in the clouds of our simulations is not, on average, very compressive.
This finding agrees well with recent observational measurements of the value of b for the infrared dark clouds in the Milky Way; dense molecular clouds that are thought to be likely candidates for future high mass star formation. This makes them particularly good comparison points for our non-star forming GMC population. For these objects, Kainulainen & Tan (2013) find b ∼ 0.2. Other observations of the Taurus and IC 5146 clouds suggest a slightly higher value at b ∼ 0.5 (Burkhart & Lazarian 2012; Brunt 2010; Padoan et al. 1997) . In comparing simulations with cloud observations, suggest that non-magnetised clouds have b < 0.3 and clouds in the early stage of their evolution (the closest match with our population) are inferred to be lower still. While this agreement is pleasing, it is worth noting that our value for σ s is restricted by the densities that can be probed by the simulation. The true cloud may have a more extended range.
About a factor of 100 above our fitted line is a small population of clouds that appear to have a significantly higher value for b. These clouds are old, tightly bound objects that greatly exceed their Jeans mass and sit in the high mass tail in Figure 8 . In reality, these objects would have already formed stars and so their presence here is a result of us not including star formation. As mentioned earlier in Section §4, these objects are excluded from the cloud catalogue since we do not expect their structure to be found in actual GMCs.
Evolution of cloud properties
One concern with measuring cloud properties in a numerical simulation is that they might depend on the simulation output examined. While we intentionally wait for a complete orbital period at our outer radius of interest before analyzing the cloud properties in Figure 4 , it is also important to quantify any time evolution in our results. Figure 8 shows the mass profile of the clouds at four different simulation times: 140, 160, 200 and 240 Myr.
The evolution of the cloud mass profile over the course of the simulation is small, with the range of cloud masses remaining approximately the same. Two small differences are seen at later times; the first and more important trend is the production of a high mass tail, with the maximum cloud mass extending from 4 × 10 6 M ⊙ at t = 140 Myr to 2 × 10 7 M ⊙ by t = 240 Myr. The second smaller trend is the shift in the mean cloud mass to lower values, changing from 6 × 10 5 M ⊙ at t = 140 Myr to 2 × 10 5 M ⊙ by t = 240 Myr. The major effect -the high mass tail-is due to the inability to destroy clouds via star formation or feedback. A small population of clouds continue to grow unabated via mergers and accretion to form a group of high mass, tightly bound clouds at the expense of lower mass clouds. The second trend is likely due to the other end of the cloud's lifetime, where later simulation times see a population of clouds born along tidal tails and gas formed between cloud interactions. These clouds are smaller than those born out of the direct collapse of the disk.
SCALING RELATIONS
Larson's empirical scaling laws relate the size, mass and velocity dispersion of molecular clouds (Larson 1981) . The cloud radius and the velocity dispersion are found to obey a power-law relation of the form:
where σ pc and α o are constants. While such a relationship is found to hold for both galactic and extragalactic cloud populations, the exact value of these constants is debated. In his seminal paper, Larson (1981) finds values of σ pc = 1.1 and α o = 0.38 for clouds in the Milky Way, which Solomon et al. (1987) remeasures at σ pc = 0.72 ± 0.07 and α o = 0.5 ± 0.05. GMCs in M33 yields values of σ pc = 0.72 and α o = 0.45 ± 0.02 (Rosolowsky et al. 2003; Bolatto et al. 2008) .
In Figure 9 , we show the line for the original Larson fit, σ = 1.1R 0.38 , over-plotted with the values for each of our clouds in our main torus. On the y-axis, we use the combined thermal and non-thermal velocity dispersion components, σ c ≡ (c
1/2 . Our clouds lie on the fitted line, but show a large scatter over a small radius range. The small variation in radius is due to the region in which we harvest the clouds in the simulation; we intentionally take them from a uniform 1 kpc thick torus in the disk and do not expect as wide a spread in cloud properties as if we had sampled through a larger region with a galactic density gradient. As discussed in Section 4, clouds in our simulation have a wider velocity dispersion than those observed in the Milky Way and M33, due to lack of feedback. This also impacts our scaling relations, giving a wide scatter of velocity dispersions for a given radius.
A second scaling relation can be derived by considering the GMCs to be fractal structures. The fractal dimension, D, can be defined as the relation between the mass and radius of the studied bodies (Mandelbrot 1983) :
For clouds in the Milky Way, the fractal dimension had been measured as D = 2.36 ± 0.04 (Elmegreen & Falgarone 1996; Roman-Duval et al. 2010) . The result for our simulated clouds is shown in Figure 10 , which again shows a large scatter.
6. A CATALOGUE OF SIMULATED GMC'S A major goal of this project has been to systematically compare our simulated giant molecular clouds with observations and compile of a catalogue of the simulated clouds for further comparison and simulation. The clouds in the catalogue are presented in Table 1 . This compilation includes each cloud's physical properties of mass (M c ), radius (R A ), average number density ( n ), surface density (Σ), velocity dispersion (σ 1D ) and virial parameter value (α vir ), along with their physical position in the disk.
Clouds that are listed in the catalogue are considered our 'best' clouds in terms of their numerical resolution. To belong in this category, clouds must fulfil the following conditions: (a) be found in our torus of best resolution, within the galactic radii 5.5 < r < 6.5 kpc. Note. -Clouds in the catalogue lie within our most resolved torus, with galactic radii 5.5 < r < 6.5 kpc. They have a minimum of 3 cells in each x, y, z direction and mass greater than 10 6 M ⊙ . in the over-dense, highly bound cloud population shown in Figure 7 . This corresponds to existing below the line exp(σ 2 s ) − 1 = 2M. These criteria ensure the cloud has the best internal properties our simulation can produce. When these criteria are applied, our highest mass cloud has M c = 5.4 × 10 6 M ⊙ . Our simulated clouds are available from this site (www.physics.mcmaster.ca/mcclouds) in hdf5 format. The data consists of a three dimensional uniform grid 500 pc across, with each cell 7.8 pc on the side. The projected density of the 9 most massive of these cubes is shown in Figures 11 . As we discussed in Section §3, visually our simulated clouds look similar to those observed (e.g. Rathborne et al. 2009; Rosolowsky et al. 2003 ) with the elongated clouds shapes and a filamentary structure. This suggests that the formation and evolution mechanisms at work may be sufficient to produce the filamentary structure in the actual galaxy. Since we intentionally did not include an active star formation and feedback model in our simulation, the catalogue clouds should provide a good study for the earliest stages of the star formation process.
7. DISCUSSION AND CONCLUSIONS We performed a high resolution simulation of an isolated galactic disk, which incorporated a rotating frame of reference at a galactic radius of 6 kpc. The use of the co-rotating frame improves the effective resolution by reducing the numerical dissipation. GMCs were formed via a top-down gravitational fragmentation and were analysed between galactic radii 5.5 < r < 6.5 kpc, where their limiting resolution was 7.8 pc. In addition to the study of their properties, we present a catalogue of our best simulated clouds for further study of the formation of star clusters and high mass star formation.
We find that our simulated clouds compare well with observed clouds both in the Milky Way and M33, even with the absence of feedback. Our typical cloud mass is between 10 5 − 10 6 M ⊙ , in good agreement with the M33 data which is of comparable resolution to our simulation. We find a high-mass tail of clouds with masses up to 10 7 M ⊙ which builds up during the simulation due to the lack of stellar feedback. This lack of feedback also causes a larger range in velocity dispersion than is observed in either galactic survey. The radius, surface density and virial mass of our clouds all agree with the observational data sets we compared against, with our clouds being marginally unbound with α vir ∼ 1. The internal turbulence of the simulated clouds was estimated and found to be in agreement with solenoidal turbulence, in agreement with observations of clouds in the Milky Way.
The fact that our simulated clouds are similar to observed ones is interesting because the cloud growth does not reach an equilibrium; clouds continue to grow with time. The cloud growth phase, we argue, does mimic reality. Molecular clouds do not live in isolation in the ISM but ought to be accreting mass from their surroundings. They should also undergo a reasonable number of collisions before their dispersal. Clouds should therefore exhibit a significant range of gravitational boundedness which is indeed observed in our simulations and in reality. Even the neglect of star formation feedback does not grossly affect cloud properties which suggests that cloud disruption need not be catastrophic.
Our star formation efficiency, as estimated by the fraction of mass in clouds above a density of n > 10 4 cm −3 , is between 3-9%, a value higher than the observationally suggested fraction, but in keeping with our lack of feedback preventing any halt to the collapse of the bound core in the cloud. We also measured the rate at which dense, potentially star forming gas accumulates within dense regions -wherein n thresh ≥ 10 4 cm −3 -to be 3 % per 10 Myr, in clouds of roughly 10 6 M ⊙ . This again is in accord with observations of star formation rates in GMCs, and suggests that star formation rates are related to the rates at which dense gas can be accumulated into dense clumps in GMCs.
The fact we were able to match many of the observed properties of the GMCs without the inclusion of star formation or feedback is proof of the importance of the galactic environment in which the GMC is born. Our results indicate that the galactic disk, with its rotational shear and interactions between neighbouring GMCs, play a vital role in the creation of the star formation environment.
With this in mind, we present our cloud catalogue; a set of 51 simulated GMCs that can be used to explore the formation of stars in an environment that includes the full impact of the galaxy disk. We intend for these to be freely used by the star formation community to study this complex and fascinating topic. Figure 11 . Surface density maps of the 9 most massive clouds in the catalogue. Each image is 0.5 kpc across and is centred on the cloud center of mass. Full set of catalogue images can be found on the accompanying website: http://www.physics.mcmaster.ca/mcclouds. Japan. Analysis was performed on machines belonging to the Shared Hierarchical Academic Research Computing Network (SHARCNET:www.sharcnet.ca) and Compute/Calcul Canada. S.M.B. was supported by McMaster University and E.J.T. would like to thank the Canadian Insitute for Theoretical Astrophysics who supported her as a CITA National Fellow. R.E.P. and J.W. were supported by NSERC Discovery Grants.
